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Protein adducts as biomarkers of human benzene metabolism
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Abstract

We used cysteinyl adducts of serum albumin (Alb) to investigate the production of two reactive benzene metabolites, namely,
benzene oxide (BO) and 1,4-benzoquinone (1,4-BQ) in workers exposed to benzene. Adducts were measured in 160 benzene-
exposed workers who did not use respiratory protection (based upon individual geometric mean benzene exposure levels:
median = 5.27 ppm, interquartile range = 2.14–13.4 ppm, range = 0.074–328 ppm) and 101 local controls, from populations in
Shanghai and Tianjin, China. After isolation of Alb, these adducts (designated as BO-Alb and 1,4-BQ-Alb) were cleaved from
the protein with methanesulfonic acid and trifluoroacetic anhydride and measured by gas chromatography-mass spectrometry.
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Although BO-Alb and 1,4-BQ-Alb were measured in all subjects, levels of both adducts were 2.4-fold greater (medi
in exposed subjects than in controls (interquartile-fold range = 1.63–4.05 for BO-Alb and 1.64–3.69 for 1,4-BQ-Alb).
plots of the individual adduct levels versus exposure were quasi-linear with straight-line slopes of about 0.3 for bot
and 1,4-BQ-Alb. Since these log-space slopes were significantly less than one, we infer that adduct production was
i.e., less-than proportional to benzene exposure, over the indicated range. This behavior points to saturation of CY
critical metabolic consequence of high exposure to benzene in humans. Thus, the biologically effective dose of BO a
should be proportionally greater in persons exposed to low rather than high levels of benzene.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Benzene is carcinogenic in both experimental
mals and humans, presumably due to toxic effec
the bone marrow arising from its metabolism[1,2]. Al-
though benzene is the simplest aromatic compo

0009-2797/$ – see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.cbi.2005.03.014



104 S.M. Rappaport et al. / Chemico-Biological Interactions 153–154 (2005) 103–109

its metabolism is surprisingly complex. Following
CYP2E1 oxidation of benzene to benzene oxide (BO)
[3,4], a series of enzymatic and nonenzymatic steps
lead to many other metabolites, notably, phenol, cate-
chol, hydroquinone, and the ring-opened muconalde-
hydes (ultimately transformed tot,t-muconic acid).
Portions of catechol and hydroquinone are oxidized
to 1,2- and 1,4-benzoquinone, respectively, which are
electrophilic and capable of reacting with DNA and
other critical macromolecules, as are BO and the mu-
conaldehydes. The toxicity of benzene is thought to
involve one or more of these electrophilic metabolites
(most notably 1,4-BQ) and/or reactive oxygen species,
produced by redox cycling of catechol, hydroquinone
and the respective benzoquinones[1,2].

Human metabolism of benzene has largely been
inferred from in vitro experiments[5–10], by mea-
surements of urinary metabolites in persons follow-
ing occupational exposure[11–16], and by physiolog-
ically based toxicokinetic models[17–20]. While un-
doubtedly useful, these methods provide relatively lit-
tle information about the biologically effective doses
of the electrophilic benzene metabolites, whose resi-
dence times are very short in vivo (a few minutes at
most). This motivated us to apply stable adducts of
benzene’s electrophilic intermediates, i.e., BO and 1,4-
benzoquinone (1,4-BQ) with Hb and/or albumin (Alb),
in the blood of benzene-exposed workers as measures
of the biologically effective dose[21–24].
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dicate that subjects were exposed over the full range of
kinetic processes from linear (first-order) metabolism
at low exposures to essentially saturated metabolism at
high exposures.

2. Measurements of benzene exposure and
adducts

The recruitment of subjects and analytical meth-
ods have been described in detail elsewhere[21–26].
Briefly, the first study was sponsored by the National
Cancer Institute (hereafter the ‘NCI study’). From
the NCI study, adduct measurements were available
from 43 exposed workers and 50 controls of both
sexes from Shanghai, China. Of the exposed work-
ers, 16 wore respirators and were excluded from the
current analyses. Each exposed worker had 5 or 6
personal full-shift air measurements of benzene dur-
ing the week prior to blood collection (using organic
vapor monitors and gas chromatography). The geo-
metric mean (GM) of these individual personal mea-
surements was used as the measure of individual ben-
zene exposure. The median level of benzene expo-
sure (individual GM value) among the 27 workers
from the NCI study (who did not use respirators)
was 17.2 ppm (interquartile range: 13.5–92.9 ppm,
range: 1.65–328 ppm). The second study was spon-
sored by the Health Effects Institute (hereafter the
‘HEI study’). From the HEI study, adduct measure-
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ions of workers, exposed to a wide range of airbo
enzene levels, and concurrent controls in Shan

21–23] and Tianjin, China[24]. We previously re
orted exposure–adduct relationships in these two
lations, focusing primarily upon the Alb adduc
hich were more abundant than those of Hb in
amples. In both cases, significant departures from
ar kinetics were observed, suggesting saturatio
enzene metabolism[23,24]. In the current invest
ation we combine results of the Alb adducts fr

he two studies to further scrutinize 160 subjects
ere exposed to benzene from less than 1 ppm
reater than 300 ppm. Since significant and var
ackground levels of BO-Alb and 1,4-BQ-Alb we
bserved among 101 control subjects in these stu
e express adduct levels of exposed workers as

ncreases above concurrent control values prior to
mining the exposure–adduct relationships. Resul
ents were available from 133 exposed workers
1 controls of both sexes from Tianjin, China. E
xposed subject had between 1 and 6 personal
hift measurements (111 subjects had 4 mea
ents) of benzene exposure, obtained weekly

ng the month prior to blood collection (also me
ured with organic vapor monitors and gas chroma
aphy). Again, the individual GM was used as
easure of benzene exposure. The median lev
enzene exposure among the 133 exposed wo

rom the HEI study was 3.70 ppm (interquartile ran
.03–10.0 ppm, range: 0.074–46.6 ppm). Combi
esults from the NCI and HEI studies, the median l
f benzene exposure among the 160 exposed w
rs was 5.27 ppm (interquartile range: 2.14–13.4 p
ange: 0.074–328 ppm).

Adducts of serum Alb were measured with an as
eveloped in our laboratory, which selectively clea
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Fig. 1. Scheme for analysis of albumin adducts of benzene oxide (BO-Alb) and 1,4-benzoquinone (1,4-BQ-Alb). (GC–NICI–MS refers to gas
chromatography–mass spectrometry with negative ion chemical ionization).

cysteinyl adducts from the protein and converted BO-
Alb and 1,4-BQ-Alb into volatile derivatives, suitable
for gas chromatography-mass spectrometry. As shown
in Fig. 1, these analytes were generated by reacting
3–5 mg of dried Alb with trifluoroacetic anhydride and
methanesulfonic acid. All adduct levels were based
upon a single blood specimen from each subject. The
precision of the assay was estimated from coefficients
of variation of 0.30 for BO-Alb and 0.20 for 1,4-BQ-
Alb [24].

Table 1summarizes the adduct levels for exposed
and control subjects in the two studies. Among control
subjects, levels of BO-Alb were significantly greater in
the HEI study (median = 174 pmol/g Alb) than in the
NCI study (median = 115 pmol/g Alb) while levels of
1,4-BQ-Alb were significantly greater in the NCI study
(median = 2270 pmol/g Alb) than in the HEI study (me-
dian = 994 pmol/g Alb) (p< 0.0001 in both cases by the
Wilcoxon test). While the reasons for these differences
have not been fully elucidated, the much larger con-
trol values of 1,4-BQ-Alb in the NCI study can be
largely attributed to collection of blood in EDTA rather
than in citrate, as for the HEI study (based upon un-
published experiments in our laboratory). Other differ-
ences in background adducts were probably not greatly
influenced by environmental exposures to benzene, but
rather to smoking and unexplained dietary and endoge-
nous factors that contributed phenol, hydroquinone,
and other precursor molecules in vivo[21,22,24,27].

To adjust for differences in background adduct
levels across studies, we express each exposed sub-
ject’s adduct level as a fold increase above the con-
trol value. That is, the Relative Adduct Level (RAL)
of the ith exposed worker in thehth study is given
by RALhi =Ahi/Ch, whereAhi is the observed adduct
level for that worker andCh is the estimated GM
adduct level of control workers in that study. In our
samples,Ch= 115 and 169 pmol/g Alb for BO-Alb,
andCh= 2490 and 1030 pmol/g Alb for 1,4-BQ-Alb
in studies 1 (NCI) and 2 (HEI), respectively. The last
three columns ofTable 1show the median RALhi val-
ues, along with the interquartile ranges and ranges for
the NCI and HEI studies. Interestingly, while the me-
dian level of BO-Alb was significantly greater for the
NCI study (median = 3.82-fold) than the HEI study
(median = 2.19-fold) (p= 0.0003, Wilcoxon test) that
for 1,4-BQ-Alb was not (median = 2.34-fold for the
NCI study versus 2.42 for the HEI study) (p= 0.933,
Wilcoxon test). With data combined from both the NCI
and HEI studies, the median value of RALhi was 2.4-
fold for both adducts (interquartile range = 1.63–4.05
for BO-Alb and 1.64–3.69 for 1,4-BQ-Alb).

3. Exposure–adduct relationships

Scatter plots showing RALhi values for BO-Alb and
BQ-Alb versus benzene exposure are given inFig. 2
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with different symbols representing the NCI and HEI
subjects. The data appear to be consistent across stud-
ies, as indicated by the superposition of observations in
the region of overlapping benzene exposure, between
about 2 and 30 ppm. The scatter plots also indicate that
the log–log relationships between relative adduct lev-
els and benzene exposure are reasonably linear over the
indicated range of exposures.

After combining data from both studies, the
(natural) logged RALhi values for the two adducts
were regressed upon the logged benzene exposure
levels as shown inFig. 3A. Since the outcome variable
RALhi =Ahi/Ch is the ratio of the adduct level of theith
subject from grouph to the GM adduct level for group
h, note that these straight-line models were regressing
[ln(Ahi) − ln(Ch)], representing the logged individual
adduct level minus the mean of the logged control
adduct levels, on ln(Benzene Exposure). For both
adducts, the fits to the straight-line model were reason-

F ase
a from
t ide-
a

ig. 2. Scatter plots of relative adduct levels (RAL, fold incre
bove control values) vs. benzene exposure for 160 workers

he NCI (×) and HEI (open symbol) studies. (A) Benzene ox
lbumin adducts; (B) 1,4-benzoquinone–albumin adducts.
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Fig. 3. Relative adduct levels (RAL, fold increase above control val-
ues) vs. benzene exposure for benzene oxide-albumin adducts (×)
and 1,4-benzoquinone–albumin adducts (open symbol) from 160
workers combined from the NCI and HEI studies. Lines represent the
predictions from least-squares regression of the natural logarithm of
RAL on the natural logarithm of benzene exposure. (A) Log-space
relationships; (B) natural-space relationships.

able with slopes of about 0.3 (BO-Alb: slope = 0.289,
S.E. = 0.024,R2 = 0.480; 1,4-BQ-Alb: slope = 0.312,
S.E. = 0.026,R2 = 0.485). Since these log–space slopes
were significantly less than one (upper 95% confidence
limits were 0.337 and 0.362 for BO-Alb and 1,4-BQ-
Alb, respectively), we infer that the corresponding
natural-space relationships were substantially nonlin-
ear with concave-downwards shapes. This is illustrated
in Fig. 3B, which shows the RALhi values plotted
versus benzene exposure in natural-space along with
the predicted values from the log-space regressions.
Despite the large variability, apparent for both adducts
at a given benzene exposure, the exposure–adduct re-
lationships reached plateaus at higher benzene levels,
suggesting that CYP2E1 was substantially saturated at

about 50 ppm of benzene. Although the initial point of
departure from linear kinetics cannot be inferred from
Fig. 3B, we previously estimated this point to be about
1 ppm, based upon the HEI data, which provide most
of the low-exposed subjects in the current analysis
[24].

4. Implications for health risk

As noted in the introduction, protein adducts offer
the opportunity to study the disposition of reactive elec-
trophiles that cannot readily be measured in vivo. In
this application, we used cysteinyl adducts of serum
Alb to evaluate the production of two transient benzene
metabolites, i.e., BO and 1,4-BQ over a wide range of
benzene exposures (0.07–328 ppm). We previously re-
ported that BO-Alb was chemically stable in vivo, be-
ing eliminated with a presumed half time of 21 days in
humans, and that 1,4-BQ-Alb was moderately stable,
with an estimated elimination half time of 13.5 days in
humans[24]. Thus, these adducts reflect the integration
of exposure over 3 or 4 weeks prior to blood collection
and are relatively insensitive to day-to-day variability
in exposure that can obscure exposure–biomarker rela-
tionships[28].

The relevance of BO-Alb and 1,4-BQ-Alb to human
health risk should be considered separately. Since BO
is formed during the initial CYP2E1 oxidation of ben-
zene, BO-Alb represents a global measure of benzene
m ele-
v to be
a emia
a ne,
o atic
r tion
o ro-
q per-
o to
s nol
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o es,
c eti-
t ch,
1 ea-
s rele-
v -BQ
i bo-
etabolism and, thus, should be unequivocally r
ant to health risk, insofar as metabolism appears
necessary condition for benzene to cause leuk

nd toxic effects of the bone marrow. Benzoquino
n the other hand, is formed following nonenzym
earrangement of BO to phenol, CYP2E1 oxida
f phenol (to hydroquinone), and oxidation of hyd
uinone to 1,4-BQ, either spontaneously or via
xidases[1,2]. Thus, formation of 1,4-BQ is subject
everal factors involving the dispositions of BO, phe
nd hydroquinone (e.g., reactions with glutathione
ther nucleophiles, oxidizing and reducing enzym
onjugation with sulfate, etc.) as well as the comp
ive inhibition of CYP2E1 by BO and phenol. As su
,4-BQ-Alb is less useful than BO-Alb as a global m
ure of benzene metabolism but is arguably more
ant to the health risk of benzene, insofar as 1,4
s widely thought to be an important toxic meta
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lite of benzene[1,2]. But in either case, the concave
downwards production of BO-Alb and 1,4-BQ-Alb,
observed at increasing exposure to benzene, point to
the initial CYP2E1 oxidation as a key factor in modu-
lating human health risk of benzene.

Finally, it is worth mentioning that the concave
downwards shapes of the exposure–adduct relation-
ships shown inFig. 3B, suggest that metabolism per
unit of benzene exposure should be much more effec-
tive at low air levels than at high air levels of ben-
zene[24]. This has two important implications for risk
assessment. First, in occupational studies where full-
shift benzene levels can be very high, one would antic-
ipate that transient days of exposure greater than about
50 ppm would have diminished impact upon the health
risk, since benzene metabolism is substantially satu-
rated in this region (Fig. 3B). This would lead to a
concave downwards shape in the exposure–leukemia
incidence for benzene, as reported by Hayes et al.
[29], and would reduce the impact of high transient
(peak) exposures to benzene upon leukemia risk, as
observed by Glass et al.[30]. Second, our results in-
dicate that environmental exposure to benzene, which
occurs at air levels less than 1 ppm[31], would pro-
duce the maximum possible mass of metabolites per
unit of benzene exposure. Since essentially every hu-
man is exposed to low levels of benzene from use of
hydrocarbon fuels and tobacco[32], the potential for
benzene to induce leukemia following long-term en-
vironmental exposure should not be dismissed out of
h
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